Background: Medical male circumcision (MMC) reduces the risk of genital ulcer disease (GUD) in men by 50%. In Ugandan and Kenyan trials, a sexually transmissible agent was not identified in 50-60% of GUD specimens by polymerase chain reaction (PCR) assay. We sought to better define the etiology of GUD in men participating in the Kenyan trial and examine how MMC affects GUD etiology.
Introduction
In three randomized trials, adult male medical circumcision (MMC) reduced the risk of HIV acquisition in African men by approximately 60% [1] [2] [3] . In the MMC trial in Uganda, circumcision resulted in a 46% reduction in GUD [2] and a 28% reduction in Herpes simplex virus type 2 (HSV-2) acquisition [4] , similar to the 30% reduction in HSV-2 incidence observed among MMC trial participants in South Africa [5] . In the trials in South Africa and Uganda protection against HIV was in part mediated through a reduction in HSV-2 [5] [6] . In contrast, in the Kenyan MMC trial, MMC led to a 50% reduction in GUD, but did not reduce HSV-2 incidence [7] . In both the Ugandan and Kenyan trials, multiplex polymerase chain reaction (PCR) failed to identify a sexually transmissible etiologic agent in 50-60% of genital ulcer swab specimens [6] [7] . Without knowing the cause of these genital ulcers, it is difficult to understand the mechanism by which circumcision confers protection against them.
Preventing and treating GUD is relevant to maximizing HIV prevention. HSV-2 and GUD increase HIV acquisition by 2-6 times among men and women [8] [9] [10] . Independent of circumcision status and HSV-2 infection, the risk of HIV seroconversion among men in our cohort in Kenya was 7 times greater for men with GUD [7] . Despite the consistent association between HSV-2 and HIV risk in observational studies, a randomized trial of daily acyclovir treatment for HSV-2 and HIV-co-infected individuals did not find a protective affect against HIV transmission to partners [11] , perhaps due to the lack of reduction in non-herpetic ulcers: in 44% of genital ulcers in this study, HSV-2 was not detected. Among HIV-positive men enrolled in a randomized trial of episodic acyclovir, the odds of HIV viral shedding from HSV-2 positive ulcers were 40% lower compared to ulcers with unknown etiology [12] .
Lack of identification of HSV-2 or other STIs in GUD may be attributed to sensitivity of assays, specimen collection, or stage of disease, but alternative explanations have rarely been considered. Because of the continuing contribution of GUD to the HIV epidemic in sub-Saharan Africa and the failure of HSV-2 suppressive therapy to prevent HIV transmission, it is essential to determine if a broader range of infectious pathogens is involved in inducing GUD so that effective GUD treatment and prevention measures can be developed. We conducted an analysis of genital ulcer specimens to identify bacteria potentially associated with GUD etiology through multitag pyrosequencing of the bacterial small subunit (SSU) ribosomal RNA (rRNA) genes.
Methods
The study was approved by the Institutional Review Boards of the University of Illinois at Chicago, the Kenyatta National Hospital, RTI International, University of Manitoba, Rush University Medical Center, and was overseen by a Data and Safety Monitoring Board. Our trial in Kisumu, Kenya enrolled 2,784 men aged 18-24 years. Trial recruitment, enrollment, reasons for refusing enrollment, and follow-up have been previously described [3] (registration at http://www.clinical trials.gov, number NCT0005937). For inclusion men had to be: uncircumcised, HIV-negative, sexually active in the last 12 months, and aged 18-24 years; have a hemoglobin .9.0 mmol/ L; and reside in Kisumu District. Exclusion criteria included: foreskin covering less than half of the glans, a bleeding disorder, keloid formation, other conditions that might unduly increase the risks of elective surgery, or a medical indication for circumcision. Following written informed consent, participants were randomized 1:1 to either immediate circumcision or delayed circumcision (the control group) after a two-year follow-up period. Testing for HIV was conducted at baseline, 1, 3, 6, 12, 18 and 24 months from randomization for both the circumcision and the control groups, and physical examination and behavioral surveys occurred at baseline and every 6 months thereafter.
Physical Examination Findings of Genital Ulcer Disease
All consenting participants underwent standardized medical examination and history [3] . At each planned study visit, genital examination by trained clinicians recorded the presence or absence of genital ulcers, and the location and number of ulcers. The same exam form was used to record findings from men who presented between study visits with genital complaints.
Detection of HSV-2, Treponema pallidum, and Haemophilus ducreyi in Genital Ulcers
Serum specimens were tested for HSV-2 antibody (Kalon HSV-2 IgG ELISA, Kalon Biological Limited, Aldershot, United Kingdom), using the manufacturer's recommended cut-off. Syphilis infection was detected using the rapid plasma reagin test (RPR) (Macro-Vue TM , Becton Dickinson, New Jersey, United States), confirmed by the T. pallidum hemagglutination (TPHA) assay (Randox Laboratories Ltd., Ardmore, United Kingdom). All genital ulcers were tested for H. ducreyi by culture. Testing was conducted at the study clinic. A convenience sample of 94 (35%) specimens of 266 clinically identified genital ulcers detected between March 2002 through February 2007 were tested for H. ducreyi, T. pallidum and HSV (did not distinguish between type 1 and type 2) by multiplex polymerase chain reaction (PCR) at the University of Manitoba Department of Medical Microbiology research laboratory. Characteristics of the 94 men whose GUD specimen was selected did not differ from the characteristics of the 172 who were not selected by baseline treatment assignment, syphilis or HSV-2 serostatus, age, marital status, number of sex partners, condom use, or penile hygiene. However, of the 94 GUD specimens selected for PCR, 37% were from the baseline, prerandomization visit compared to 23% in the total sample of clinically detected ulcers.
HIV Testing
Testing for HIV infection was conducted using a parallel double rapid test protocol, 
Specimen Selection for Pyrosequencing
Due to resource constraints, a random sample of 65 specimens was drawn from the 94 specimens that underwent multiplex PCR; 59 (91%) had amplifiable bacterial DNA. Characteristics of the 65 men with specimen selection for pyrosequencing did not differ from those 29 that were not selected by circumcision status, sociodemographics, behavioral risks, genital hygiene, HIV status, recovery of HSV or T. pallidum from the ulcer, or serological detection of HSV-2 or T. pallidum. As expected, the 59 specimens tested differed from the total sample of clinically detected ulcers, whereby 37% were from baseline, pre-randomization visits.
Multiplex PCR and Multitag Pyrosequencing
At planned or interim visits where genital ulcers were visibly detected by clinicians, a specimen was obtained using Dacron or polyester tipped swabs. If the sores were crusted, the scab was removed to swab the interface between the ulcer and the healthy skin. Specimens were frozen at 220uC, and shipped periodically to the University of Manitoba for detection of HSV, T. pallidum, and H. ducreyi by multiplex PCR. Swabs were treated with Roche Diagnostics lysis buffer to release the DNA. The specimen was vortexed for 15 seconds in 500 ml of Roche lysis buffer. 100 ml of a Roche diluent (6 mM MgCl2) was added at a 1:1 ratio by volume to neutralize the SDS. 50 ml of this 200 ml 1:1 mix was used for the PCR reaction, leaving 150 ml of lysed specimen for pyrosequencing. Multitag pyrosequencing was performed as described previously [13] . Briefly, 12 sets of domain-level primers (i.e. 27F or 355R; [13] ) containing a four-base barcode were used to amplify the V1 and V2 hypervariable regions of bacterial SSU rRNA genes from genomic DNA extracts. Individual reactions with distinct barcodes were pooled, and Roche 454 pyrosequencing adapters were ligated prior to emulsion PCR and sequencing [13] . Pyrosequencing of the amplified, tagged DNA was performed by 454 Life Sciences (Branford, CT) using titanium technology. From 59 GUD specimens we obtained 100,098 sequences with an average read-length of 346 bases. Sequences shorter than 150 bases were removed from the analysis. An average of 1,697 sequences were obtained from each sample (min = 466, max = 4,015). Bacterial taxa were identified by entering sequences into the Ribosomal database project (RDP; release 10) classifier, using an 80% bootstrap cutoff value [14] . A random sub-sampling of 350 sequences (75% of the smallest dataset) from each sequence library was performed and used for diversity calculations to control for effects of library size [15] . Pyrosequence data were processed through the RDP pyrosequencing pipeline, with a 97% similarity threshold used for clustering of sequences into operational taxonomic units (OTUs) for diversity calculations [14] .
Statistical Analysis
The goal of this analysis was to examine whether specific bacteria were associated with GUD of unknown etiology. GUD of unknown etiology was defined as having no pathogen detected by multiplex PCR in conjunction with no serological evidence of HSV-2 or T. pallidum. The analysis proceeded in three steps. First, we compared bacterial communities by STI-related or unknown etiology (step 1). Comparisons of bacterial community (step 1) were quantitatively assessed by Bray-Curtis dissimilarity matrix and Shannon-Wiener diversity index. Relative abundance data were transformed [log(X+1)] prior to generation of the resemblance matrix. Next, to reduce dimension of explanatory variables and identify bacteria that were potentially acting in groups we conducted hierarchical clustering analysis (step 2). Hierarchical clustering was conducted using Spearman rank correlation with complete linkage and groups were identified based on correlations .0.5 (step 2). Individual bacteria identified in step 1 and bacteria grouped by findings in step 2 were examined for association with ulcer etiology. The association between bacteria and ulcer etiology were analyzed as presence, relative abundance, and abundance cutoffs (.1% and .10%) that were comparable to the literature [16] . Finally, along with socio-demographics, circumcision status, and behavioral factors, individual and grouped bacteria that were associated with ulcer etiology at the p#0.10 level were entered in multivariable logistic regression analysis to identify independent associations between bacteria and unknown ulcer etiology (step 3). We used circumcision status rather than treatment assignment to accurately account for foreskin status as this is demonstrated to be a major mediator of the penile microbiota [16] . All behavioral variables were visit-matched to the visit at which GUD was detected, except age which was measured from baseline prior to randomization.
Differences between continuous variables and outcome were assessed by Wilcoxon rank sum test. Differences between categorical explanatory variables and the outcome were assessed by the chi-square test, or Fisher's exact test when cell size was ,5. Variables significant at the p,0.10 level by likelihood ratio testing from univariate logistic regression were entered into multivariable logistic regression. Those variables with a likelihood ratio p-value ,0.10 were maintained in the multivariable model. Wald test pvalues are presented for the final multivariable model. Comparison of bacterial community composition and hierarchical clustering with generation of dendrograms were conducted in Primer 6.0 (Primer-E, version 6.1.13, United Kingdom). Inferential analyses were conducted using STATA/SE 11.0 for Windows (Stata Corp., College Station, TX).
Results
In the 59 GUD specimens from 59 men, HSV or T. pallidum were detected in 22 (37.3%): 11 with HSV by PCR (and HSV-2 by serology), 7 with HSV by PCR only, 1 with HSV and T. pallidum by PCR, and 3 with T. pallidum by PCR (1 with syphilis and HSV-2 by serology). In addition to the 22 specimens with HSV or T. pallidum detected directly from the ulcer, 14 men were HSV-2 seropositive. Therefore, no etiology was identified by PCR or serology in 23 (39.0%) of 59 men with visibly detected GUD.
Socio-Demographic and Behavioral Characteristics of Men by Ulcer Etiology
Overall, 9 (15.3%) men were circumcised and 5 (8.5%) were married or cohabiting (Table 1) . Men with unknown ulcer etiology were more likely to be aged 21-24 than 18-20 at baseline than those with STI-associated ulcers (65.2% vs. 33.3%, p = 0.02). Circumcision status, marital status, HIV serostatus, number of sexual partners, condom use at last intercourse, other sexual behaviors, and anatomic location of the ulcers did not differ by whether ulcers were of unknown or STI-related etiology. Reported injuries to the penis during or after sex were more common among men with ulcers of unknown etiology than with STI-related etiology, though this approached statistical significance only for reporting the penis ever feels sore after sex (66.7% among unknown etiology vs. 44.1% among STI etiology, p = 0.10).
Bacterial Community Comparison by Ulcer Etiology
Overall, 83 distinct genera were detected through massively parallel multitag pyrosequencing analysis of bacteria SSU rRNA genes. Sequences corresponding to Prevotella spp. were most abundant, accounting for 18% of microbiota on average, and present in 75% of specimens. The next most abundant bacterial sequences were Anaerosphaera spp., Anaerococcus spp., Porpyhromonas spp., Fusobacterium spp., and Sneathia spp., accounting for 5-7% of abundance on average, and present in 64.4%, 62.7%, 49.2%, 44.1%, and 44.1% of specimens, respectively (Table 2 ). Though in low abundance, Peptoniphilus spp. was present in 71.2% of specimens and Dialister spp. in 44.1%.
Bacterial diversity was greater in GUD of unknown etiology than STI-associated GUD (median number of genera 13 [range [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] vs. 11 [range [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , p = 0.06). The average ShannonWiener index, calculated from clustered SSU rRNA gene amplicon sequences (97%), was 3.11 for STI-associated GUD and 2.67 for GUD of unknown etiology (p = 0.01), indicating lower species richness for STI-associated GUD. Comparison of the Bray-Curtis dissimilarity indices by ulcer etiology showed relative homogeneity in the microbiota (step 1 of analysis; Table 2 ). On average, the Bray-Curtis dissimilarity index was 76.5 (i.e., 23.5% similarity) in genital ulcer associated microbiota. Average similarity was 20.4% among samples from ulcers with STIassociated etiology and 27.8% among samples from ulcers with unknown etiology. Bacteria contributing most to the Bray-Curtis dissimilarity index (Table 1) (Table 3) . Anaerococcus spp. and Parvimonas spp. were more often detected in ulcers of unknown etiology, and Enterobacter spp. was detected more frequently from STI-related ulcers.
Bacterial Groups Identified by Hierarchical Clustering
Hierarchical clustering (step 2) identified 17 groupings of bacteria with Spearman rank correlation .0.50 (Figure 1 ). Bacterial members of 4 groups were fully represented and 2 groups were partially represented in the bacterial community analysis in step 1 ( Table 2 ). The relative abundance and presence of these groups of bacteria that were also represented in step 1 were compared by ulcer etiology (Table 3) . Two groups of bacteria were associated with ulcer etiology: the grouping of Oxobacter spp. and Anaerovorax spp., and the grouping of Fusobacterium spp. and Sneathia spp., the only two members of the Fusobacteria class detected. The presence and relative abundance of Fusobacterium spp. and Sneathia spp. were each elevated among men with unknown GUD etiology (Table 3) , but this did not reach statistical significance. When considered as presence of either bacteria (73.9% unknown etiology vs. 38.9% STI etiology, p = 0.009) or total relative abundance of both bacteria (8.8% vs. 0%, p = 0.024), the differences in Fusobacteria by ulcer etiology were statistically significant. No dose response pattern was detected using 1% and 10% cutoffs for either bacteria group, and no threshold for increased risk was identified through sensitivity analysis [results not shown].
Multivariable Logistic Regression: Factors Associated with Ulcers of Unknown Etiology
In multivariable logistic regression analysis, only age and presence of any Fusobacteria remained statistically significant at the p,0.05 level ( 
Factors Associated with Bacteria Associated with Ulcers of Unknown Etiology
To further elucidate the potential mechanism by which these bacteria were more commonly detected in GUD with unknown etiology, we compared socio-demographic and behavioral characteristics by bacterial recovery (Table 5 ). Detection of sequences derived from Oxobacter spp. and/or Anaerovorax spp. was more common among uncircumcised than circumcised men (100% vs. 78%, p = 0.046), as was Fusobacteria (93.6% vs. 75.0%, p = 0.071). Detection of these bacteria was not associated with any sexual behaviors, though reported bleeding of the skin of the penis was more common among men with Oxobacter spp. and/or Anaerovorax spp. (33.3% vs. 13.5%, p = 0.085).
Discussion
Among 59 clinician-detected genital ulcers, 23 (39%) did not have ulcerative STI pathogen recovered from the ulcer or diagnosed by serology. This proportion of genital ulcers without STI etiology is high, but in keeping with findings from other studies. Observational studies with STI testing have observed the proportion of genital ulcers with unknown etiology in men and women to be 27-39% in Kenya [17] , South Africa [18] [19] , Botswana [20] , Madagascar [21] , and Tanzania [22] .
We detected four bacterial taxa (Fusobacterium, Sneathia, Oxobacter and Anaerovorax) occurring in two groups that were more likely to be detected in genital ulcers of unknown etiology. Fusobacterium spp. and Sneathia spp. are anaerobic bacteria that are strongly associated with Bacterial vaginosis (BV) [23] [24] . We found no published studies relating them to genital ulcers. However, a number of strains of Fusobacterium spp. have been associated with periodontal disease and oral mucosal ulcers [25] [26] [27] . The mechanism by which this is thought to occur is through induction of cytokines and other effector molecules with inflammatory and tissue-destroying capabilities [27] . It is possible that men in our study acquired these bacteria from female sex partners through vaginal or oral sex, or from their own genital tract. Coupled with pre-existing epithelial disruptions, this may have led to an ulcerlike appearance in some men. Oxobacter spp. and Anaerovorax spp. are strictly anaerobic members of the Clostridiales family. Only one species of the genus Oxobacter, Oxobacter pfennigi (previously Clostridium pfennigii), has been validly described [28] , and we found no published data in animals or humans relaying its biological function. The only described species of the genus Anaerovorax is A. odorimutans, which derives its name from its fermenting of putrescine, an amine associated with malodor in cadavers and BV [29] . With a paucity of data and lack of cultivation of these bacteria, their biological function is largely unknown. Results such as ours, relating the microbiota to clinical and behavioral data, may help elucidate the biological activities of these bacteria. Studies are needed to examine inter-relatedness or co-dependence of these organisms. The difficulty in developing hypotheses regarding disease etiology by correlating limited taxa information with clinical presentation highlights the need for multifaceted studies that include directed isolation attempts to recover key taxa of interest, coupled with physiological testing and genome sequencing, genome reconstruction, and meta-transcriptome analyses to identify in situ activity of key taxa prior to and after development of GUD. Circumcision status was not associated with GUD of unknown etiology, but uncircumcised men were more likely to have bacteria that were associated with GUD of unknown etiology. Prior studies have demonstrated that uncircumcised men are more likely to harbor anaerobic bacteria in the penile microbiota [16, 30] . From our previous analysis, uncircumcised men are more likely to have epithelial disruptions of the penile skin, likely to be mechanical in origin [31] . It is possible that anaerobic bacteria are simply more likely to colonize pre-existing epithelial disruptions. However, many of the anaerobic bacteria detected in the uncircumcised men in this study, such as Prevotella spp., Dialister spp., and Anaerococcus spp., were not associated with GUD of unknown etiology, supporting the specificity of our findings. The cross-sectional nature of the study does not allow us to distinguish between causal effects and colonization, but this is unlikely to be a simple ''eitheror'' situation: we postulate that these bacteria may be colonizing and exacerbating minor epithelial disruptions, leading to an ulcerlike appearance.
The four bacteria associated with GUD of unknown etiology were not completely specific to men with GUD of unknown etiology, indicating they are unlikely to be uniformly pathogenic. Genital ulceration associated with these bacteria may require an unmeasured co-factor. We did not find sexual behaviors that were associated with recovery of these bacteria, though power to detect modest differences was limited. Men who were aged 21-24 at baseline were more likely to have GUD of unknown etiology than those aged 18-20. This difference may reflect a longer duration of being sexually active, different selection of sexual partners, different genital hygiene practices, or unconsidered environmental factors. We did not have a measure of time since last sexual intercourse, and the association between sexual events and practices occurring more remotely may have been attenuated. Future study should assess the event-level timing of specific sexual and hygiene practices in relation to genital ulcers to attempt to assess the temporal association between behaviors, bacteria, and symptoms. The use of multitag pyrosequencing enabled a comprehensive assessment of potentially associated bacterial pathogens, and did not identify any additional cases of T. pallidum or H. ducreyi within our cohort, or other ulcerative STI pathogens (C. trachomatis lymphogranuloma venereum or C. granulomatis). We did not examine non-bacterial pathogens. Female genital schistosomiasis affects 9-13 million women worldwide [32] , with 35-75% of infected women manifesting genital ulcers or erosions of the vulva, vagina, or cervix [33] [34] . We did not find published reports of schistosomiasis-associated GUD in men. This is a potential cause to be explored, considering the location of Kisumu on the shores of Lake Victoria and the endemicity of schistosomiasis in the surrounding area [35] . We are unaware of non-herpetic viruses as a potential likely cause of genital ulcers in men, though there are case reports of Epstein Barr Virus (EBV) recovery from genital ulcers in women [36] . In a study of 45 uncircumcised men, PCR detected EBV in 13% of coronal sulcus specimens, but this was not associated with ulcers and there was no comparison to circumcised men [37] . It is possible GUD of unknown etiology may have been non-infectious. Genital dermatoses such as psoriasis, erosive lichen planus, and plasma cell balanitis are more common among uncircumcised men [38] , and may have been misclassified as genital ulcers in our study. This higher preponderance of nonherpetic and non-syphilitic ''ulcers'' in uncircumcised men would explain our finding of circumcision's protective effect on GUD, with no effect on HSV-2 or syphilis incidence.
Limitations
Prospective study is necessary to distinguish the extent to which the bacteria which were associated with genital ulcers of unknown etiology are causal and/or colonizing. More definitive knowledge of the depth and function of bacterial invasion of these ulcers would require curettage. Given the genital location of the ulcers, this likely presents unjustified risk in obtaining tissue specimens. Study of men seeking circumcision may be able to examine bacterial invasion in removed foreskin, although men are generally deferred from medical circumcision if they have active ulcers or herpetic lesions on the penis. While pyrosequencing indicates the types of bacteria present, we don't have a measure of absolute numbers of bacteria in the ulcers, and bacterial load may be an important explanatory factor in which men develop ulcers and which do not. Replication of our findings is an essential next step.
Though this pilot study had a limited sample size, to our knowledge it represents the largest study in the published literature of the penile microbiota utilizing multitag pyrosequencing. This is the first study to broadly examine genital ulcers for non-STI bacterial pathogens. We defined GUD to be of HSV-2 related etiology if the subject was positive for HSV-2 by PCR or serology, due to variability in the point in time of the natural history of the ulcer at which the specimen was obtained. However, it is possible that the 12 subjects who were HSV-2 seropositive but whose ulcers were HSV negative by PCR could have had ulcers of different etiology. For this reason, we conducted analyses including and excluding men, and results were similar. Although we were unable to test all men with clinically observed GUD, those selected for PCR and pyrosequencing did not differ from those who were not tested with regards to behavioral risks or STI history, indicating that resource constraints did not produce significant selection bias. However, in our sample incident GUD was underrepresented and the etiology and factors associated with incident GUD, especially circumcision status, may have differed.
Conclusions
Our results provide a new view of genital ulcer disease. Understanding the etiology of GUD is necessary for effective treatment and prevention, to understand the mechanism by which it is reduced by circumcision, and for reduction as a cofactor for HIV acquisition and transmission. Prospective investigation of genital microbial profiles, behaviors leading to specific genital milieu, inflammation, and GUD are needed to verify the nature and causes of clinically detected genital ulcers. Analysis of these relationships with high quality data is lacking in the published literature. Such study may lead to more effective approaches to preventing and treating GUD and could provide insight into potential mechanisms for increased risk of HIV acquisition.
